Slope stability of forested slopes considering effect of tree root and steel bar reinforcement A tree root crossing through upper soil layer into bedrock increases shear strength of soil and renders the slope more stable. The effect of root reinforcement on soil strength has been well researched through the mechanistic and empirical studies, but yet few studies have examined how tree roots in combination with steel bar influence slope stability. Further, most of previous research lacked consideration of effect of slope displacement on the reinforcement of tree roots and steel bars. (Ziemer, 1981 ; Abe, 1992) , but yet few studies have examined how tree roots influence slope stability. Further, most of previous research works lack consideration of relation between displacement of slope and root reinforcement.
In this paper, the rise of groundwater level is consid- Properties and cross section of slope are shown in Table 1 Figure 2 shows a real slope in Ozawa that is planned to be reinforced by steel bars. The cross section of land slide is divided into a number of slices along slip surface and safety factor is calculated by the Fellenius method. The stubs of two cedars (A and B) in Fig. 1 were dug carefully to study the distribution of roots. After tree was cut off, the distribution of root of cedar A on ground is shown in Fig. 3 . The directions of tree roots develop randomly following various inclined angles to the normal slope (see Table 2 and Fig. 3 ).
Diameters of each main root fibers are much bigger than diameters of their branch roots (Fig. 4) . The diameters are assumed constant along their extension and to be approximately the average value of their two ends. To get the pullout resistance and length of root fiber, each root fiber was pulled up until it was broken or pulled out completely. All of the tree roots were imitated as model of straight fibers (vertical and depends on ultimate stress. When the root fiber is pulled out before its breakage occurs, the reinforcement of the root fiber depends on its pullout resistance.
Applying model of inclined root (Nghiem et al. 2003 ) for all of the classified root fibers of a tree, the relation of root reinforcement and depth of slip surface is shown in Fig. 7 . The number of root fibers is reduced following the depth of slip surface. Thus, the reinforcement of tree root changes reversely compared to the depth of slip surface.
Empirical Eq. 1 is obtained from calculated results in 
4. Influence of root reinforcement on slope stability
The analysis of slope stability of a forested slope is shown in Fig. 8 Calculated results of safety factor of Ozawa slope following rise of groundwater level is shown in Fig. 10 .
The factor of safety Fs (h) is depending on the root reinforcement and defined as factor of safety when groundwater level h fall back to 0. By analyzing this apparent factor of safety, the influence of root reinforcement on slope movement can be explained more 5.2 Design slope stability with target factor of safety (Calculation)
The maximum reinforcement of tree root is consid ered to choose the optimum design of steel bars. Equa tion 2 to calculate factor of safety is written for a for ested slope with steel bar reinforcement : In other words, the benefit of using tree root for the stability of slope can be expressed as :
In the case study of Ozawa slope, the technical influence of root into slope stability is described as it imparted 16.9 % of required reinforcement (20.3 kN compare with 120 kN). That means without root reinforcement, the number of steel bars necessary to achieve the target factor of safety Fds=1.2 at GWL h= 1.0m is higher by 20.3 %. Economically, the tree roots save at least 20.3 % of cost for reinforcement material. 
